The wastewater generated by isolated houses without access to public sewers can cause environmental problems, like the contamination of aquifers with nitrates and phosphates, as occurs in southeastern Spain. The effectiveness of a previously built horizontal subsurface flow constructed wetland (HF-CW) was studied over two years as a possible solution. This HF-CW measured 27 m 2 ; it was planted with Phragmites australis (Cav.) Trin. ex Steud ssp. altissima and the parameters studied were those required by European Union (EU) legislation and adopted by Spain. Average abatement efficiency rates, for the first and the second year of study, were: biochemical oxygen demand over five days (BOD 5 because its content in influent wastewater was very low and they appear mainly from influent NH 4 + -N, as a result of purification processes carried out in the HF-CW bed. The abatement rates make the system suitable to produce discharges into the environment in accordance with Spanish law. It is noteworthy that the HF-CW patch suffered an episode of bed drying during the summer of 2013, whereby the causes were related to system oversizing and high evapotranspiration in the area. As a consequence, the decrease in the abatement of water pollutants during the second year can be attributed to the creation of preferential water flow paths and short circuits through the constructed wetland (CW) bed. As a result of the oversizing of the CW, a theoretical resizing based on BOD 5 , TSS, TN or TP is proposed. The calculated values for the redesign were: 5.22 m 2 considering DBO 5 , 0.18 m 2 considering TSS, 10.14 m 2 considering TN and 23.83 m 2 considering TP. Considering the area where the HF-CW was located and in accordance with Spanish law for non-sensitive areas (no TN or TP requirements for wastewater discharge), BOD 5 is the most appropriate parameter for design; it is 5.2 times lower than the HF-CW initially built and without risk of bed drying.
Introduction
Nowadays, many small communities located in rural or isolated areas of Spain lack adequate domestic wastewater treatment facilities. In these areas, wastewater collection and its treatment via public sewage systems are problematic due to the widely dispersed population. Wastewater treatment by traditional on-site systems, like septic tank/soil absorption design, is common in southeastern Mediterranean Spain, although HF-CWs are one of the most commonly used types in Europe. HF-CWs are a relatively new technology in Spain and, until recently, only a small number of HF-CWs had been reported, distributed mainly in the Mediterranean area [18, 19] . As the CW surface is related to contaminant abatement efficiency, it is necessary to find the optimal design in order to maximize abatement efficiency, while keeping the area to a minimum. In this respect, hydraulic retention time (HRT), reference evapotranspiration (ET 0 ) and temperature (T) are the parameters that most determine the efficiency [11, 20] .
This paper presents the results obtained during the first two operation years of an HF-CW that had been previously built by a private company according their own design protocol. The main aim was to monitor the efficiency of this HF-CW under the climatic conditions of southeastern Spain, and to service an individual household for the abatement of the key physical and chemical contaminants established by EC [5] and adopted by Spain. As consequence of the results obtained, a theoretical redesign of the HF-CW is proposed in order to achieve the minimum area for optimal contaminant abatement efficiency.
Materials and Methods

Constructed Wetland and Pretreatment Design
The system was located in the southeast of Spain, in Torrellano Bajo/Elche (Alicante) (38 • 16 42 .46 N; 0 • 35 58.61 W), at an altitude of 56 m above sea level. The climate of the area is typical of dry Mediterranean (Bsh and Bsk) [21] , with mean annual T, rainfall and ET 0 of 17.0 ± 1.4 • C, 272.2 ± 73.2 mm and 1110.7 ± 132.2 mm·m −2 , respectively, over the last 10 years [22] . Elche countryside is not a sensitive area according to Spanish law [3] .
The CW system was built by a company according their own design protocol. The system had a pretreatment system EP-480 (Riuvert®, Alicante, Spain), made of polyethylene (PET), with activated sludge in suspension, sludge recirculation and clarifier technology. Its total volume was 2300 L. However, during the course of the experiment, this system was offline, acting only as wastewater pretreatment and not as a purification system in the strict sense. Under this configuration, its main function was to abate any material that might cause obstructions in the bed of the HF-CW.
The The HF-CW was fed through a 75 mm diameter PVC pipe placed in the inlet structure. The pipe was perforated with vents of 10 mm each at 10 cm apart. An air vent pipe of 21 mm diameter drilled with holes (2.5 mm) every 5 cm was placed inside the feeding pipe and used to inject an intermittent air flow (for 15 min every hour) of 50 L·min −1 , supplied by a SECOH SLL-40 air pump (Bibus Spain, Pontevedra). Aeration was used during the first year of CW working.
The filler material comprised a gravel layer of 5 cm thickness (2 cm particle size) at the bottom of the CW, followed by a 35 cm layer of Canadian sphagnum peat moss, and a new layer of 5 cm made with washed river gravel (4 mm particle size). Finally, an upper layer of 15 cm of local soil (sand 78%, silt 13%, clay 9%, pH 8.15, TN 0.031% and total organic carbon 3.3% analyzed following the method described by Black et al. [23] ) was used for the vegetation rooting (Figure 1 ). The HF-CW was fed through a 75 mm diameter PVC pipe placed in the inlet structure. The pipe was perforated with vents of 10 mm each at 10 cm apart. An air vent pipe of 21 mm diameter drilled with holes (2.5 mm) every 5 cm was placed inside the feeding pipe and used to inject an intermittent air flow (for 15 min every hour) of 50 L·min −1 , supplied by a SECOH SLL-40 air pump (Bibus Spain, Pontevedra). Aeration was used during the first year of CW working.
The filler material comprised a gravel layer of 5 cm thickness (2 cm particle size) at the bottom of the CW, followed by a 35 cm layer of Canadian sphagnum peat moss, and a new layer of 5 cm made with washed river gravel (4 mm particle size). Finally, an upper layer of 15 cm of local soil (sand 78%, silt 13%, clay 9%, pH 8.15, TN 0.031% and total organic carbon 3.3% analyzed following the method described by Black et al. [23] ) was used for the vegetation rooting (Figure 1 ).
Water Sampling and Monitoring
Wastewater samples were collected monthly from manholes located at the inlet and outlet of the HF-CW. Sampling was carried out following the rules: ISO-5667-1 [24] , ISO-5667-2 [25] and ISO-5667-3 [26] . A cool-box was used for storage and transport of samples to the laboratory, in order to minimize their spoilage. Samples were stored at low temperature (~4 °C) until performance analysis within 24 h.
The parameters analyzed were: T, BOD5, COD, TSS, TN, ammonium nitrogen (NH4 + -N), nitrate nitrogen (NO3 − -N), nitrite nitrogen (NO2 − -N), TP and pH. Both influent and effluent T were measured in situ. The technique for the determination of TSS follows the recommendations of the American Public Health Association [27] . The pH was measured using a pH meter CRISON-GLP21 (Hach Lange Spain, L'Hospitalet de Llobregat, España). The remaining parameters were determined using the rapid kits NANOCOLOR ® and photometer NANOCOLOR ® 500D (Macherey-Nagel GmbH, 
Wastewater samples were collected monthly from manholes located at the inlet and outlet of the HF-CW. Sampling was carried out following the rules: ISO-5667-1 [24] , ISO-5667-2 [25] and ISO-5667-3 [26] . A cool-box was used for storage and transport of samples to the laboratory, in order to minimize their spoilage. Samples were stored at low temperature (~4 • C) until performance analysis within 24 h.
The parameters analyzed were: T, BOD 5 , COD, TSS, TN, ammonium nitrogen (NH 4 + -N), nitrate nitrogen (NO 3 − -N), nitrite nitrogen (NO 2 − -N), TP and pH. Both influent and effluent T were measured in situ. The technique for the determination of TSS follows the recommendations of the American Public Health Association [27] . The pH was measured using a pH meter CRISON-GLP21 (Hach Lange Spain, L'Hospitalet de Llobregat, España). The remaining parameters were determined using the rapid kits NANOCOLOR ® and photometer NANOCOLOR ® 500D (Macherey-Nagel GmbH, Düren, Germany) with references: 985 822 (BOD 5 where C 0 and C e are the inlet and outlet concentrations in mg·L −1 . HF-CW water balance was evaluated according to Pedescoll et al. [28] (Equations (2) and (3)) and meteorological data were obtained from an agro-climatic weather station [22] located 5 km from the HF-CW location.
ET
where ET cw is constructed wetland evapotranspiration (mm·d −1 ); Q in is the inlet flow rate (mm·d −1 ); P is precipitation (mm·d −1 ) and Q out is the outlet flow rate (mm·d −1 ).
where ET 0 is reference evapotranspiration in the area and K cw is constructed wetland plant coefficient (dimensionless).
Results and Discussion
Water Influent and Effluent Characterization
The measured average daily Q in was 0.27 m 3 . Considering this Q in , the water depth (d) (0.6 m), assuming an average porosity (n) of 0.38, corresponding to the cross section not occupied by vegetation and the wetland area (A s ) (27 m 2 ), the HRT (HRT = A s ·d·n/Q) and hydraulic loading rate (HLR = 100·Q/A s ) values of 22.6 d and 1 cm·d −1 , respectively, were calculated.
Average values for the wastewater quality parameters (influent and effluent), the efficiency of treatment for the two years studied and the legal limits for discharge are given in Table 1 . Pollutant values found at the influent wastewaters are higher compared to other geographical zones [29] . These data agree with those reported by Puigagut, Villaseñor, Salas, Bécares and García [18] and may relate to the water-saving practices followed by citizens in southeastern Spain, an area with a dry Mediterranean climate and prolonged droughts; as a result, the concentration of contaminants in domestic wastewaters are higher. An experiment run in a semi-arid zone of Tunisia showed even higher values [30] .
Abatement of Organic Matter
Effluent BOD 5 concentration showed small variations through the first year (Figure 2a) , with an average value of 13.2 ± 5.3 mg·L −1 and an abatement of 96.4% ± 1.8% (Table 1 ). The drop observed in June 2013 could be explained by the high vegetative growth of common reed that implies a proper working of the CW, and because T increase favours a lower oxygen demand [31] . In July and August of 2013, BOD5 sampling could not be performed due to the insufficient level of water at the outlet manhole (Qout = 0 m 3 ). Generally, Qout can be deduced from Equations (2) and (3) in function of the HF-CW area. If the Qout obtained is negative, as occurred in the 27 m 2 HF-CW of this study (Table 2) , a partial drying of the HF-CW bed may occur. These observations are in accordance with data obtained in zones of similar climatic characteristics in Morocco [32] . As a result of this drying episode, the following months showed an abnormal behavior for the BOD5 value, a circumstance that can be related to the possible formation of preferential flow paths in the HF-CW bed that would have decreased the HRT. Other authors reported that an excessive root growth may cause the unbundling of the bed, encourage the creation of preferred paths and short circuits and open new pore spaces in the substrate [30, 33] . From December 2013, a tendency to return to the proper working order of the CW was observed. This nonlinear behavior of BOD5 data may also be related to an oversized HF-CW and, therefore, we consider it necessary to resize the system, as will be discussed in Section 4. Despite the aforementioned, the mean BOD5 value in this period was 25.4 ± 12.4 mg·L −1 , slightly higher than the maximum level permitted, but with a reduction (92.0% ± 4.4%) well over the values recommended by EC [5] . In July and August of 2013, BOD 5 sampling could not be performed due to the insufficient level of water at the outlet manhole (Q out = 0 m 3 ). Generally, Q out can be deduced from Equations (2) and (3) in function of the HF-CW area. If the Q out obtained is negative, as occurred in the 27 m 2 HF-CW of this study (Table 2) , a partial drying of the HF-CW bed may occur. These observations are in accordance with data obtained in zones of similar climatic characteristics in Morocco [32] . As a result of this drying episode, the following months showed an abnormal behavior for the BOD 5 value, a circumstance that can be related to the possible formation of preferential flow paths in the HF-CW bed that would have decreased the HRT. Other authors reported that an excessive root growth may cause the unbundling of the bed, encourage the creation of preferred paths and short circuits and open new pore spaces in the substrate [30, 33] . From December 2013, a tendency to return to the proper working order of the CW was observed. This nonlinear behavior of BOD 5 data may also be related to an oversized HF-CW and, therefore, we consider it necessary to resize the system, as will be discussed in Section 4. Despite the aforementioned, the mean BOD 5 value in this period was 25.4 ± 12.4 mg·L −1 , slightly higher than the maximum level permitted, but with a reduction (92.0% ± 4.4%) well over the values recommended by EC [5] . Table 3 shows the abatement efficiencies found in experiments run in some Mediterranean countries using HF-CWs systems, compared to the surface PE −1 . Although PE definition has been already introduced in Section 1, in this ratio, a consumption of 250 L of water per person per day is assumed to obtain adequate comparison units [34] . Our results agree with those of higher BOD 5 abatement; oversizing of the system could explain these values. On the other hand, the climate of the Mediterranean basin, which implies warmer T of the water and, during growing season, the larger and constant growth of the common reed, may justify the high abatement found for this region compared with other European experiences [35] . The abatement process of BOD 5 is mainly carried out by bacterial activity (aerobic and anaerobic) with greenhouse gases production and emission to the atmosphere [41, 42] , and by the sedimentation and filtration of particulate organic matter [43] . In this respect the assisted aeration during the first year of the study combined within common reed activity was effective [44] .
Similarly to BOD 5 , effluent COD concentrations showed a stable value for the first years, with a COD mean value of 102.1 ± 13.5 mg·L −1 and 84.6% ± 4.0% abatement. As result of the partial drying of the HF-CW in July and August 2013, the possible appearance of preferential water paths can be responsible for abnormal and high COD values (Figure 2b ). When the water regime returned to normal (final study period), COD tended to recover values of the same order as for the initial period. Although the percentage of abatement in this last period (77.7% ± 9.4%) was slightly higher than the directive's limit [5] , it was similar to those obtained in other experiments in similar Mediterranean climate zones (Table 3) .
The abatement mechanisms of COD are similar to those for BOD 5 and depend on the combination between physical and microbial mechanisms. The physical filtration mechanism is related to the small pore size of the filler material; so the organic solids could be trapped in the bed of HF-CWs for a long time allowing biodegradation of organic solids [11] .
The ratio BOD 5 /COD is related to the biodegradability of the organic matter present in the water, or the ability of some organic chemicals that can be used as substrates by microorganisms to produce energy (cellular respiration) and create other substances such as amino acids, tissues and organisms [29] . In our experiment, the ratio BOD 5 /COD for influent wastewaters had an average of 0.53 ± 0.08, a characteristic value for water of high biodegradability; while HF-CW effluents had an average of 0.15 ± 0.06, indicative of low biodegradability.
Taking into account that BOD 5 /COD in untreated municipal wastewaters is between 0.3 and 0.8, and that this relationship changes to 0.4-0.6 after the primary sedimentation, and decreases to 0.1-0.3 after secondary treatments [45] , we could conclude that the HF-CW studied behaves as a secondary water treatment system. This affirmation is consistent with the data from other wastewater treatment experiences [46] .
Abatement of Total Suspended Solids (TSS)
The temporal evolution of TSS in both influent and effluent wastewaters of HF-CW is given in Figure 3 . The drying episode mentioned was also reflected in the TSS parameter. Therefore, during the first year, effluent TSS mean value was only 8.8 ± 4.0 mg·L −1 with an abatement of 94.8% ± 2.4%, and a slight increase in June 2013 previous to the drying. The first months of the second year showed anomalous data, followed by a tendency to recover the levels of the first year, including an increase in June 2014, once the CW was recovered to a normal water regime.
Taking into account that BOD5/COD in untreated municipal wastewaters is between 0.3−0.8, and that this relationship changes to 0.4−0.6 after the primary sedimentation, and decreases to 0.1−0.3 after secondary treatments [45] , we could conclude that the HF-CW studied behaves as a secondary water treatment system. This affirmation is consistent with the data from other wastewater treatment experiences [46] .
The temporal evolution of TSS in both influent and effluent wastewaters of HF-CW is given in Figure 3 . The drying episode mentioned was also reflected in the TSS parameter. Therefore, during the first year, effluent TSS mean value was only 8.8 ± 4.0 mg·L −1 with an abatement of 94.8% ± 2.4%, and a slight increase in June 2013 previous to the drying. The first months of the second year showed anomalous data, followed by a tendency to recover the levels of the first year, including an increase in June 2014, once the CW was recovered to a normal water regime. TSS abatement mainly occurs through filtration and sedimentation, a process favored by macrophyte roots that reduce the water speed [7] . Water pretreatment is also very important to prevent the rapid clogging of the CW bed. Rousseau et al. [32] reported that clogging is a tangible risk in subsurface flow constructed wetlands and is principally influenced by loading rates of BOD5 and/or TSS, the HLR, the particle size and distribution of the matrix material as well as the wastewater particles. This phenomenon can be counteracted by lowering HLR or by letting the bed rest. During this resting period, organic material that blocks the pores can be composted and the hydraulic conductivity thus restored. In our experience, the HF-CW took a full year to recover operating conditions after the drying episode. Our data are in accordance with the literature and demonstrate the effectiveness of HF-CW in TSS abatement in Mediterranean climate zones (Table 3) and attainment of suitable effluents for discharge according to Spanish law.
Abatement of Nitrogenous Compounds
The TN content in the wastewater is the sum of the N present in both organic and inorganic forms. Among the first ones are amino acids, urea, uric acids and nitrogenous bases; inorganic forms are NH4 + -N, NO2 − -N, NO3 − -N and gaseous nitrogen that includes NH3, N2, NO2 and N2O. Therefore the evolution of the TN parameter is linked to the transformation between these different forms, their selective absorption by plants and the volatilization of the gaseous forms [12] .
In CWs, organic N undergoes a series of transformations that are related to their mechanisms of abatement. The first stage would be ammonification which transforms organic N into NH4 + -N following the pathway: amino acids−imino acids−keto acids−ammonium. In a second stage, NH4 + -N TSS abatement mainly occurs through filtration and sedimentation, a process favored by macrophyte roots that reduce the water speed [7] . Water pretreatment is also very important to prevent the rapid clogging of the CW bed. Rousseau et al. [32] reported that clogging is a tangible risk in subsurface flow constructed wetlands and is principally influenced by loading rates of BOD 5 and/or TSS, the HLR, the particle size and distribution of the matrix material as well as the wastewater particles. This phenomenon can be counteracted by lowering HLR or by letting the bed rest. During this resting period, organic material that blocks the pores can be composted and the hydraulic conductivity thus restored. In our experience, the HF-CW took a full year to recover operating conditions after the drying episode. Our data are in accordance with the literature and demonstrate the effectiveness of HF-CW in TSS abatement in Mediterranean climate zones (Table 3) and attainment of suitable effluents for discharge according to Spanish law.
The TN content in the wastewater is the sum of the N present in both organic and inorganic forms. Among the first ones are amino acids, urea, uric acids and nitrogenous bases; inorganic forms are NH The average percentage of nitrogen forms in the influent wastewater, with respect to TN, was: organic N (20.8% ± 5.9%), NH 4 + -N (77.6% ± 5.8%), NO 3 − -N (1.4% ± 0.7%) and NO 2 − -N (0.2% ± 0.0%).
Abatement of Total Nitrogen
The evolution of the TN content in the influents and effluents of the HF-CW studied is shown in Figure 4a . During the first year, the influent wastewaters showed an average content of 142.7 ± 11.8 mg·L −1 , while in the effluents, it was 29.3 ± 8.3 mg·L −1 , with a minimum of 6.0 mg·L −1 in June 2013. The time evolution showed a decrease of TN content at the beginning of the experience, coinciding with the start of vegetative growth, followed by stabilization, around 30 mg·L −1 , until the CW desiccation occurred.
A detailed review on the dynamics of N in HF-CWs is given by Saeed and Sun [47] . The average percentage of nitrogen forms in the influent wastewater, with respect to TN, was: organic N (20.8% ± 5.9%), NH4 + -N (77.6% ± 5.8%), NO3 − -N (1.4% ± 0.7%) and NO2 − -N (0.2% ± 0.0%).
The evolution of the TN content in the influents and effluents of the HF-CW studied is shown in Figure 4a . During the first year, the influent wastewaters showed an average content of 142.7 ± 11.8 mg·L −1 , while in the effluents, it was 29.3 ± 8.3 mg·L −1 , with a minimum of 6.0 mg·L −1 in June 2013. The time evolution showed a decrease of TN content at the beginning of the experience, coinciding with the start of vegetative growth, followed by stabilization, around 30 mg·L −1 , until the CW desiccation occurred. Once the normal water regime was restored, a non-linear response was observed. This abnormal behavior could be due to different causes. On the one hand, accumulation of TN and a change of microbiological population of the bed may occur. On the other hand, the rainfall effects or the nonhomogeneous influent TN concentration may also have an influence. A detailed study would be needed but, in any case, preventing desiccation of the HF-CW bed is convenient as will be discussed in Section 4. This behavior was also observed for NH4 + -N and NO3 − -N (Figure 4b,c) . At the end of the experience, TN abatement efficiency returned to the values found during the first year, in which there was a normal water regime. The mean percentage abatement for TN during the first year was 79.5% ± 5.6%, reaching 95.7% (June 2013), meeting the legal limit values for wastewater discharge into sensitive areas [5] .
Because the ammonification and nitrification steps involve lower acidity while denitrification increases the pH, the small change detected (Table 1) , mainly at the stage of correct system operation, can be interpreted as a balance between these processes in the CW. Moreover, the pH value during all the experiment was not a limiting factor on the proliferation of microbiological population involved in the above processes.
Our data for TN abatement show a higher efficiency than others found in Mediterranean countries (Table 3) , probably due to oversizing the system and the application of assisted aeration during the first year. HF-CWs are considered an anoxic system; therefore, the assisted aeration during the first steps of the development of CW bed can play an important role, because the incipient plant growth cannot provide enough oxygen. Once the plants are well developed they are able to mobilize and inject oxygen through the roots, from 0.005 to 12 g·O2·m −2 ·d −1 , depending on the density of planting [47, 48] . Thus, Phragmites australis roots provide support and oxygen source for microorganisms involved in nitrification and denitrification processes occurring in the anoxic zones [49] . Taking into account these considerations, the depth of subsurface constructed wetland should be linked to the maximum development of the macrophyte roots, 60 cm in the case of Phragmites australis [50] . Figure 4b shows the evolution of NH4 + -N throughout the experiment. NH4 + -N represents most of the N in domestic wastewater [29] , and a similar composition was observed for the influent wastewater (77.6% ± 5.8%). During the first year, mean values for the influents and the effluents were 109.2 ± 9.9 mg·L −1 and 1.4 ± 1.1 mg·L −1 , respectively. This represents over 98.8% ± 0.9% abatement, confirming that CWs transforms almost all of the NH4 + -N. After drying, erratic data were found with some very high values: 29.2 ± 3.2 mg·L −1 in October 2013 or 25.2 ± 2.9 mg·L −1 in January 2014; however, abatement rates remain high with an average around 86%. At the end of the experience a recovery of Once the normal water regime was restored, a non-linear response was observed. This abnormal behavior could be due to different causes. On the one hand, accumulation of TN and a change of microbiological population of the bed may occur. On the other hand, the rainfall effects or the non-homogeneous influent TN concentration may also have an influence. A detailed study would be needed but, in any case, preventing desiccation of the HF-CW bed is convenient as will be discussed in Section 4. This behavior was also observed for NH 4 + -N and NO 3 − -N (Figure 4b,c) . At the end of the experience, TN abatement efficiency returned to the values found during the first year, in which there was a normal water regime. The mean percentage abatement for TN during the first year was 79.5% ± 5.6%, reaching 95.7% (June 2013), meeting the legal limit values for wastewater discharge into sensitive areas [5] . Because the ammonification and nitrification steps involve lower acidity while denitrification increases the pH, the small change detected (Table 1) , mainly at the stage of correct system operation, can be interpreted as a balance between these processes in the CW. Moreover, the pH value during all the experiment was not a limiting factor on the proliferation of microbiological population involved in the above processes.
Abatement of Ammonium Nitrogen
Our data for TN abatement show a higher efficiency than others found in Mediterranean countries (Table 3) , probably due to oversizing the system and the application of assisted aeration during the first year. HF-CWs are considered an anoxic system; therefore, the assisted aeration during the first steps of the development of CW bed can play an important role, because the incipient plant growth cannot provide enough oxygen. Once the plants are well developed they are able to mobilize and inject oxygen through the roots, from 0.005 to 12 g·O 2 ·m −2 ·d −1 , depending on the density of planting [47, 48] . Thus, Phragmites australis roots provide support and oxygen source for microorganisms involved in nitrification and denitrification processes occurring in the anoxic zones [49] . Taking into account these considerations, the depth of subsurface constructed wetland should be linked to the maximum development of the macrophyte roots, 60 cm in the case of Phragmites australis [50] . Figure 4b shows the evolution of NH 4 + -N throughout the experiment. NH 4 + -N represents most of the N in domestic wastewater [29] , and a similar composition was observed for the influent wastewater (77.6% ± 5.8%). During the first year, mean values for the influents and the effluents were 109.2 ± 9.9 mg·L −1 and 1.4 ± 1. and 76% (Table 3 ). The range is extensive, and can be related to the specific conditions of each CW. In our case, the high values found may be due to the large area of the HF-CW and assisted aeration during the first year.
Abatement of Nitrate Nitrogen
NO 3 − -N evolution in the influents and the effluents of HF-CW is shown in Figure 4c . In the influent wastewaters, NO 3 − -N content was almost constant throughout the experiment, with an average value of 2.2 ± 1.2 mg·L −1 . However, data of the effluents revealed the capacity of the HF-CW for transformation between different N forms. Therefore, during the first year, the data showed an intense nitrification process, mainly from NH 4 + -N (nitrogenous form in greater proportion in the influent wastewater), with an average value of 22.6 ± 10.5 mg·L −1 ; while the minimum and maximum was 2.9 ± 0.4 mg·L −1 and 46.4 ± 3.1 mg·L −1 , respectively. The drop in June for both years can be attributed to a high intake by the reeds, which were well developed at this time. When all the influent water was consumed by Phragmites australis, an erratic behavior for NO 3 − -N content was observed and preferential flow paths for the water may have appeared.
The high level of nitrification in the initial stage of the CW may be related to the artificial aeration of influent wastewater during the first year of operation. The nitrification process continued despite the fact that forced aeration was stopped, a circumstance that can be attributed to the large amounts of oxygen injected by the roots of Phragmites australis into the bed of the CW. However, it should be noted that the oxygenation produced by common reed depends on the depth reached by the roots and the HRT.
Abatement of Nitrite Nitrogen
During the first year, NO 2 − -N concentrations in the effluents were very low (Figure 4d ), near to the detection limits of the analytical method used (0.3 mg·L −1 ); small differences were observed between the influent/effluent water. In the CWs, NO 2 − -N may appear as an intermediate in the reactions of nitrification, denitrification, and NO 3 − -N reduction [47] . Thus, the low NO 2 − -N content can be explained by the preferential oxidation process from NO 2 − -N to NO 3 − -N favored by the oxygen supply; in fact, this oxidation is only inhibited when the dissolved oxygen is lower than 2.5 mg·L −1 [51] . Besides, there is an alkalinity requirement for nitrification and, if the HF-CW bed is not alkaline enough, an increase in NO 2 − -N concentration may occur. Below 25 • C, the growth rate of NH 4 + -N-oxidizing bacteria (NH 4 + -N to NO 2 − -N conversion) is lower than nitrite-oxidizing bacteria (NO 2 − -N to NO 3 − -N conversion). Throughout the experiment, wastewater T inside the HF-CW was below 25 • C, with the lowest ones between 13.6 and 16.7 • C in winter; this would be in accordance with the small NO 2 − -N concentrations found [52] .
After CW drying, an increase of NO 2 − -N in water effluent was observed, which can be interpreted as an increase of NO 3 − -N reduction in the anaerobic bed zones not affected by preferential path flow.
Once the water flow was stabilized again, the NO 2 − -N content tended to recover the standard values of the first year. Figure 5 shows the evolution of the TP in the CW. Influent wastewaters had a TP mean value of 19.2 ± 4.2 mg·L −1 ; maximum value was reached in October 2012 (30.0 ± 1.7 mg·L −1 ) and minimum in November 2013 (14.2 ± 0.9 mg·L −1 ). The variability was related to the home consumption of water by a reduced number of residents. No great differences were found in TP concentration in the wastewater effluents when considering the total sampling period, or the two periods separated by the drying episode. For the whole of the experiment, the mean value was 3.0 ± 0.6 mg·L −1 , with maximum and minimum of 3.8 ± 0.2 mg·L −1 and 1.3 ± 0.1 mg·L −1 , respectively; whereas the mean values were 3.2 ± 0.4 mg·L −1 and 2.9 ± 0.7 mg·L −1 for the first and second year, respectively, when data are considered separately.
Abatement of Total Phosphorus
The CW showed a slight increase in disposal capacity of TP from the beginning of its operation until the dryness episode. Nevertheless, the percentage abatement regarding influent wastewaters exceeded 80% in all cases: 83.7% ± 2.8% and 82.8% ± 4.9% (Table 1) for the first and second year, respectively. In investigations run in similar Mediterranean countries, the TP reduction ranged between 15%−63% (Table 3) ; higher values found in our experiment may be due to oversizing of the HF-CW, which provokes a larger surface substrate-water contact.
The ability of CWs to retain P depends on the phosphorus HLR, the type of substrate bed, vegetation and the HRT [53] . The abatement of TP is linked to different mechanisms. On the one hand, the mineral components of the bed, sand and gravel lead to adsorption and precipitation reactions of P with Ca, Al and Fe ions [54] . Few investigations have been made regarding the saturation of the mineral filler, but it decreases significantly after a period of 5−6 years [55, 56] . Mineralized peat can also adsorb P by means of an unclear process when its concentration is higher than 1.5 mg·L −1 [57] . However, the only sustainable mechanism for TP removal is plant uptake and subsequent harvesting. It has been accepted traditionally that the amount of P that can be abated by harvesting constitutes only an insignificant fraction of the amount of the P load in the system [58] , but recently it has been demonstrated that a well-developed Phragmites australis can assimilate up to 75.1% of total dissolved P influent [14] .
The regulatory requirements in the area where the HF-CW was located did not include TP as a parameter to be monitored in the water because it is a non-sensitive area; nevertheless, if TP control were required, as occurs in sensitive areas, the effluents also comply with the Spanish law (80% abatement was achieved).
Surface System Optimization
Due to the HF-CW drying episode during the summer season, a theoretical redesign is proposed. The authors have used a simulation based on a kinetic model of a previously published first-order piston flow reactor proposed by Reed et al. [59] . The equations of Reed's model are summarized in Table 4 .
CW water temperature (Tw) is also a fundamental parameter because the abatement of BOD5 and various N forms are temperature dependent. Winter average T that imply lower reaction rates should be used in the calculations. Another important parameter in the design of CWs is water depth (d). No great differences were found in TP concentration in the wastewater effluents when considering the total sampling period, or the two periods separated by the drying episode. For the whole of the experiment, the mean value was 3.0 ± 0.6 mg·L −1 , with maximum and minimum of 3.8 ± 0.2 mg·L −1 and 1.3 ± 0.1 mg·L −1 , respectively; whereas the mean values were 3.2 ± 0.4 mg·L −1 and 2.9 ± 0.7 mg·L −1 for the first and second year, respectively, when data are considered separately.
The CW showed a slight increase in disposal capacity of TP from the beginning of its operation until the dryness episode. Nevertheless, the percentage abatement regarding influent wastewaters exceeded 80% in all cases: 83.7% ± 2.8% and 82.8% ± 4.9% (Table 1) for the first and second year, respectively. In investigations run in similar Mediterranean countries, the TP reduction ranged between 15% and 63% (Table 3) ; higher values found in our experiment may be due to oversizing of the HF-CW, which provokes a larger surface substrate-water contact.
The ability of CWs to retain P depends on the phosphorus HLR, the type of substrate bed, vegetation and the HRT [53] . The abatement of TP is linked to different mechanisms. On the one hand, the mineral components of the bed, sand and gravel lead to adsorption and precipitation reactions of P with Ca, Al and Fe ions [54] . Few investigations have been made regarding the saturation of the mineral filler, but it decreases significantly after a period of 5-6 years [55, 56] . Mineralized peat can also adsorb P by means of an unclear process when its concentration is higher than 1.5 mg·L −1 [57] . However, the only sustainable mechanism for TP removal is plant uptake and subsequent harvesting. It has been accepted traditionally that the amount of P that can be abated by harvesting constitutes only an insignificant fraction of the amount of the P load in the system [58] , but recently it has been demonstrated that a well-developed Phragmites australis can assimilate up to 75.1% of total dissolved P influent [14] .
Due to the HF-CW drying episode during the summer season, a theoretical redesign is proposed. The authors have used a simulation based on a kinetic model of a previously published first-order piston flow reactor proposed by Reed et al. [59] . The equations of Reed's model are summarized in Table 4 . Assumed temperature design verification (BOD 5 and TN)
T c = temperature change in the wetland ( • C), T e = effluent temperature, T 0 = assumed water temperature entering wetland ( • C), T a = average air temperature during period of concern ( • C), T w = average water temperature, q G = energy gain from water (J· CW water temperature (T w ) is also a fundamental parameter because the abatement of BOD 5 and various N forms are temperature dependent. Winter average T that imply lower reaction rates should be used in the calculations. Another important parameter in the design of CWs is water depth (d). Water depth in HF-CWs has normally been set at 0.60 m, corresponding to the maximum length of growth for roots and rhizomes of the macrophytes [50, [60] [61] [62] . Finally, the length (L) to width (W) ratio can be between 0.25:1 and 4:1, with the 3:1 being one of the best configurations [63] . The theoretical areas obtained for the different parameters are summarized in Table 5 . To remodel the HF-CW on the basis of BOD 5 , the variables C e , C 0 , Q, d, n and K t (Table 6) were inserted into Reed's equations. The resulting A s was 5.22 m 2 (2.91 m 2 ·PE −1 according to 60 g of BOD 5 per inhabitant per day), HRT = 4.37 d and HLR = 5.21 cm·d −1 (Table 5) . If a ratio L/W of 3:1 is assumed, L and W were 3.96 m and 1.32 m, respectively. These data confirm the oversizing of the HF-CW studied (27 m 2 ), 5.2 times higher than necessary when the BOD 5 parameter is considered. Moreover, from this data, the water balance (Q out ) for July and August of 2013 would have been 4.0 m 3 and 4.4 m 3 respectively and the system would not suffer drying episode. These data were similar to those reported by Parra and Chiang [64] , who proposed an area of 15-20 m 2 per 1000 L of influent wastewater. Reed's model also enables the verification of the HF-CW size from the energy balance. For this it is necessary to assume a water temperature (T 0 ) and to solve the equations at the bottom of Table 4 . The assumed water temperature was calculated according to: T 0 = T M − 1. In this equation, −1 • C is a correction related to the possibility that in a certain period the water T may be colder than T M (average T in winter). If the obtained T w is close to T 0 , the calculated A s is acceptable. In another case, further iterations can be made until both T agree. In our case, the resulting T w (10.05 • C) is sufficiently close to T 0 , so the resizing of the HF-CW calculated is valid, if the BOD 5 abatement is the criterion used.
Surface Optimization Considering TSS
For sizing in terms of Reed's equations according to TSS, HLR calculated from the influent and the effluent pollutant concentrations (C 0 and C e ) must be between 0.4 and 75 cm·d −1 . In our experiment, the HLR was 150 cm·d −1 (Table 4 TSS section and Table 6 ), exceeding 75 cm·d −1 proposed by Reed and obtaining a very low A s (0.18 m 2 ) ( Table 5 ). This high HLR value confirms that wastewaters of southeastern Spain have more pollutant concentration than those found in the literature from other countries, as already discussed in Section 3.1. However, abatement of TSS in HF-CW systems is not a limiting parameter for design, compared with the need to abate BOD 5 or TN.
Surface Optimization Considering Total Nitrogen (TN)
In order to size the HF-CW with respect to TN, the equation used is similar to that used when BOD 5 is considered, only changing the constant K t . For this reason, the same T 0 (10.5 • C) is assumed, and the remaining data are summarized in Table 6 (Table 5 ). This surface is 2.7 times smaller than that of the HF-CW studied (27 m 2 ). As is the case with BOD 5 , no drying episodes would be produced with this sizing (July Q out = 0.1 m 3 and August Q out = 0.9 m 3 ) but it would be very close to the maximum sizing for the area.
Compared with other authors, the calculated surface is higher than that of Parra and Chiang [64] , but similar if the "rule of thumb" (5 m 2 ·PE −1 ) is taken into account [16] .
Another way of sizing CW can be to consider the oxygen required to convert the organic and ammoniacal N to NO 3 − -N; the stoichiometry of the process requires 4.3 g O 2 ·g −1 ·N −1 [7] . Because the amount of N in organic and ammoniacal forms is around 140 mg·L −1 ·d −1 , and influent flow rate was 273 L·d −1 , 175.8 g·O 2 ·d −1 would be necessary. As Phragmites australis is able to inject up to 12 g·O 2 ·m −2 ·d −1 [47, 48] , the resulting surface is of about 13.7 m 2 , a figure that is close to that deduced using Reed's equation.
Surface Optimization Considering TP
The HF-CW sizing according to the equation in Table 4 for TP provides the following data: A s = 23.83 m 2 (13.27 m 2 ·PE -1 according to 60 g of BOD 5 per inhabitant per day); HRT = 19.95 d; HLR = 1.14 cm·d −1 ; L = 8.46 m and W = 2.82 m (Table 5 ). This surface is higher than that found considering BOD 5 or TN, and nearer to the actual dimension of the experimental HF-CW, and the recommendations of 6 to 13 m 2 ·PE −1 [29] . On the other hand, if K p = 3.29 cm·d −1 [53] is taken into account, an area of 19.8 m 2 is obtained, which is lower than that obtained following Reed's method. However, such large areas are not suitable in areas of dry Mediterranean climate due to the risk of drying in the summer season (July Q out = −10.6 m 3 and August Q out = −8.7 m 3 ).
The problem of P abatement is related to its low elimination capacity by the HF-CW systems. When P abatement is required, it is necessary to incorporate an alternative treatment. Different alternatives like the use of slags, which have been studied recently, remove P mainly via CaO-slag dissolution followed by Ca 2+ phosphate precipitation [14] or the use of an "irregularly shaped" HF-CW as described by Gorra et al. [65] .
Conclusions
The horizontal subsurface flow constructed wetland (HF-CW) for the treatment of domestic wastewater evaluated under the climatic conditions of southeastern Spain meets the legal requirements for conducting discharges. Nevertheless, and taking into account the influent water volume and the climatic conditions of an area with a high evapotranspiration in the summer season, the surface of the wetland studied was excessive and caused the drying of the bed, which induced an anomalous behavior with the possible apparition of preferential flow paths during the ensuing months.
To redesign the HF-CW surface in order to optimize the abatement performance considering the actual conditions of the area, biochemical oxygen demand over five days (BOD 5 ) is the parameter that must be considered due to its impact and the fact that the Elche countryside is not a sensitive area. Reed's equations were useful for re-sizing, and the results showed that the studied system was 5.2 times oversized.
If P abatement is required, as in some sensitive areas, the required sizing would lead to an excessive surface that would lead to drying episodes, considering the high evapotranspiration in the area. In these cases, complementary treatments, like the use of slags or "irregularly shaped" HF-CWs, will be required.
